Abstract-We have developed a microfabricated testbench to measure the electrical, thermal, and thermoelectric properties of low-dimensional materials. In this unique design, a number of platform tips (test benches) are gathered in the central area of the chip for increased probability of positioning a bottom-up synthesized single nanomaterial structure across two platform tips when such materials are drop cast from a solution. Each platform has an embedded heater to heat the platform tip and a thermocouple to accurately measure its temperature. Electrically isolated from the thermocouple and heater structure, a top layer platinum on each platform is used to electrically connect to the low-dimensional material. Electrical conductivity, thermal conductivity, Seebeck coefficient, and ZT of GaAs/MnAs core/shell nanowires were successfully measured using testbench in the temperature range of 25 to 300 K.
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I. INTRODUCTION
T HERMOELECTRIC device is a solid-state-device that converts a temperature gradient into an electric potential and vice versa. Although these devices have many advantages, their use has been limited due to their low efficiency. Thermoelectric efficiency is described by a dimensionless figure of merit ZT which depends on transport properties of materials as
where σ is the electrical conductivity, S is the Seebeck coefficient, T is the absolute temperature, κ e and κ l are the electronic and the lattice thermal conductivity respectively. In order for a thermoelectric device to be competitive with commercial refrigerators, its ZT value needs to be greater than 3. Bismuth telluride and its alloys, which are some the most efficient thermoelectric bulk materials known so far, still have ZT of around 1 near room temperature. This limit of bulk materials has driven researchers to focus on nanostructures, such as superlattices [1] and low-dimensional materials (LDMs) [2] , [3] . Because electronic thermal conductivity and electrical conductivity are related to each other by Wiedemann-Franz law, enhancing Seebeck coefficient or suppressing lattice thermal conductivity is the essential approach for improving ZT. LDMs, such as nanoribbons, nanowires, and nanotubes, have attracted great attention because they would have smaller lattice thermal conductivity than their bulk analogs due to increased phonon-surface scattering at the smaller dimensions. Furthermore, the increased density of states near Fermi level (quantum size effect) can potentially enhance the Seebeck coefficient. However, the measurement of thermal and thermoelectric properties of low-dimensional materials is extremely difficult due to their small size. There are two approaches for the accomplishment of these measurements in nanoscale materials: (i) Through a top-down multilayer thin film integration of the material under test followed by lithographic patterning into nanoscale structures and integration onto specifically designed measurement test structures [4] , [5] , and (ii) Integration of bottom-up synthesized low-dimensional materials onto a specifically designed thermal testbench [6] - [9] . In the second approach, it must be emphasized that, measurements can be achieved only by precise placement of the test-materials on specific regions of the testbench. In this work, we are primarily focusing on the second approach with the goal of realizing a microfabricated device (testbench) that can easily and accurately measure the thermal and thermoelectric properties of a wide variety of bottom-up, solution synthesized low-dimensional materials. Previous versions of testbenches, have required tedious manipulation of the test-materials using scanning microscope tips or optical tweezers etc. making these methods fairly slow and complex [6] , [7] . To overcome these limitations, we have designed an innovative layout of the testbenches consisting of a high areal density of test-sites in the central area of the chip. When a droplet of solution containing low-dimensional materials is placed on the testbench, the high surface density of test-sites greatly enhances the probability of landing a single test-material at one of the desired positions without any physical manipulation. In principle, the testbench is compatible with any low-dimensional materials which can span across the two thermally isolated test platform tips which in our design are ∼1 μm apart from each other. Furthermore, the use of a single platform for accomplishing all three transport measurements allows for thermoelectric benchmarking of a variety of low-dimensional materials. Fig. 1 shows the mask overview and scanning electron microscope (SEM) image of the testbench. The testbench consists of platforms whose suspended tips are closely placed and thermally isolated from each other. Each platform has an embedded heater and a thermocouple temperature sensor. The heater and thermocouple junction are located at the tip of the platform. A thin film of aluminum oxide/hafnium oxide layer is deposited on top of the thermocouple and heater structures. Finally a platinum layer is deposited atop the aluminum oxide/hafnium oxide layer and patterned on each platform to provide an electrical connection to the low-dimensional test-material. If the test-material mechanically spans (bridges) across two neighboring platform tips, a temperature gradient can be induced between the two ends of the test-material by heating one of the platforms using the embedded heater. The temperature of both platform tips (i.e. the temperature at the two ends of the test-material) is obtained using the built-in thermocouples and the thermoelectric voltage induced by temperature gradient is measured by the potential difference between the two top platinum pads across which the test-material spans and is electrically connected.
A dense tessellated testbench design consisting of 52 platform tips placed in the central 250 μm × 250 μm area has been implemented for improving the probability of a single nanoscale test-material bridging across two neighboring platform tips when drop-cast from a solution. Furthermore, this approach has a high likelihood of obtaining several test samples on one chip allowing for improved statistical averaging and confidence in the measurements. Each of the neighboring test platform tips are realized into cantilever-like structure, with freestanding tip-regions, to thermally isolate the neighboring platform tips and minimize the flow of parasitic heat through the substrate. The design also concentrates heat at the tip of platform. Finally, we have implemented thermocouple based temperature measurement in each tip rather than thermistors which are the more commonly reported temperature sensors for these measurements. This is mainly to improve the accuracy since tracking the resistance of thermistors produces Joule heat that can easily confound the measurements of LDMs. Furthermore, the noise associated with the current source eventually limits the sensitivity of such measurements. Thermocouples, on the contrary, provide a simple method for the measurement of temperature and use no active power dissipation to achieve temperature measurement. Due to the large Seebeck coefficient of polysilicon, in this work, we have used polysilicon-gold thermocouple as the embedded temperature sensor in each platform. 1) The polysilicon layer is patterned to define heater and one leg of the thermocouple by photolithography and reactive ion etching (RIE) (Fig. 2(a) ).
II. FABRICATION PROCESS
2) Thermocouple structure is completed by aligning the titanium/gold leg to the polysilicon leg. 20 nm-thick titanium/350 nm-thick gold layer are deposited and patterned using e-beam evaporation and lift-off process (Fig. 2(b) ).
3) A 20 nm-thick aluminium oxide/30 nm-thick hafnium oxide is deposited by atomic layer deposition (ALD) (Fig. 2(c) ). This layer electrically insulates heater and thermocouple from following metal layer.
4) A 30-nm thick titanium/100 nm-thick platinum/150 nmthick nickel layer is patterned by e-beam evaporation and lift-off process ( Fig. 2(d) ).
5) RIE and deep reactive ion etching (DRIE) are performed to define each testbench tip by etching through the ALD layer, the nitride/oxide/nitride stress-compensated stack and ∼20 μm into the silicon substrate using nickel and photoresist layers as the mask ( Fig. 2(e) ).
6) Finally, the silicon substrate is etched in an isotropic manner using xenon difluoride (XeF 2 ) vapor phase etching to undercut, by 18 -20 μm, the testbench tip areas. Any remaining nickel hard-mask layer is removed by selectively wet etching using nickel etchant ( Fig. 2(f) ).
7) By drop-cast method, test-material positioned between two neighboring platform tips are identified using high magnification microscope. Thereafter, potential test-materials that successfully span the platinum pads on neighboring platform tips, are mechanically anchored and electrically connected to the underlying platinum pads using electron beam induced deposition (EBID) or focused ion beam induced deposition (FIBID) of platinum. This step also improves the thermal contact between the LDM and the test pad ( Fig. 2(g) ).
Fig. 2(h) shows the size of each pattern and the naming rules for platforms that are used in this paper. The platforms located opposing the heated platform are called "opposite platforms" and only these pairs of platforms are used in measurements. The other two platforms are called "side platforms". The heated and side platforms are not used as a pair in the measurement due to the insufficient thermal insulation. "Neighboring platforms" here refers to a pair of heated and opposite platforms.
III. TESTBENCH CHARACTERIZATION
The basic electrical, thermal, and thermoelectric characterization of the workbench are described in detail in the supplemental material and a brief summary is presented here. Electrical characteristics of the fabricated thermocouple and the heater structures and any potential leakage were tested using Keithley 4200-SC semiconductor parameter analyzer. Both the heater and thermocouples show linear I-V relationship clearly showing the absence of a Schottky barrier and the magnitude of the measured resistances were well correlated with expected resistance based upon the resistivity of the polysilicon and the dimensions of the structures. Electrical insulation was next measured between the thermocouple, heater and the top platinum pad. There was no sign of dielectric breakdown up to 2 V. This is adequate for the proposed measurements since the heating voltage used in the experiments was less than 1 V rms and there is no directly applied voltage between heater and thermocouple or heater and platinum pads in actual measurements.
The thermal cross-talk between neighboring platform tips was checked before and after isotropic trench etching by XeF 2 which releases the tips of the platforms from the substrate. The objective of isotropic trench etch is to turn the platform into a cantilever-like thermally isolated structures at the tips. In order to check thermal cross-talk, ac heating voltage of frequency 12 Hz (=ω/2π) was applied to the heater using Keithley 3390 function generator and the 2ω signal of thermocouple voltage of heated and opposite platforms was monitored using SR 830 lock-in amplifier. The reduced thermal mass and the increased thermal resistance from platform tip to the heat sink resulted in the voltage of the thermocouple on the released heated platform to be 24 times larger than that for the unreleased platform. Furthermore, the ratio of thermocouple voltage of opposite platform to that of heated platform is decreased by a factor of 8 by releasing the platform. This value sets the minimum measurable thermal conductance of the test-materials by the testbench. If this parasitic thermal transport through the substrate is larger than that of the test-material, accurate measurement of thermal conductivity of test-material cannot be accomplished. The thermal characteristics of the released test platforms show the classic low-pass characteristics with a 3-dB cut-off frequency of ∼1.2 kHz in vacuum. However, in the measurements reported in this paper a maximum frequency of 100 Hz was used since the thermocouple voltage starts to roll down above 100 Hz.
Calibration of the tip thermocouple can be divided into two parts: (a) Measurement of the Seebeck coefficient of the polysilicon-gold thermocouple at 300 K, and (b) Temperature variation of the Seebeck coefficient of the polysilicongold thermocouple as a function of temperature in the 15 -300 K range. The details of the calibration procedure are described in the supplementary material. Fig. 3 shows the Seebeck coefficient of the gold-polysilicon thermocouple as a function of temperature in the range of 15 -300 K obtained through the detailed calibration procedure based on Schematic illustration of measurement set-up for thermal and thermoelectric properties of low-dimensional materials.
using the thermocouple and heater structures built in each testbench tip.
IV. MEASURING THERMAL CONDUCTIVITY, SEEBECK
COEFFICIENT, AND ELECTRICAL CONDUCTIVITY OF LOW-DIMENSIONAL MATERIAL Fig. 4 shows a schematic illustration of the measurement set-up for thermal and thermoelectric properties of low-dimensional materials. The testbench is placed in a vacuum cryostat with pressure below 5×10 −6 Torr to minimize the effect of conduction through ambient air. A sinusoidal voltage with angular frequency ω is applied to the polysilicon heater using Keithley 3390 function generator for heating the platform tip. It produces 2ω temperature fluctuation because heating power is proportional to square of heating voltage. The temperature rise of the heated and the opposite platform tips across which the test-material spans is obtained by measuring the respective 2ω voltage of the polysilicon-gold thermocouple using SR 830 lock-in amplifier. Simultaneously, the heating current and voltage are measured using Keithley 2001 and Keithley 2000 multimeters respectively for calculating the amount of heat dissipated in the heater (heating power). All instrument operations and measurement protocols were automated and the data from these instruments was acquired using Labview software. The SR 830 lock-in amplifier is also used to measure the 2ω voltage between the two platinum pads of the neighboring platforms connected to each other through test-material which is the thermoelectric voltage induced in the thermoelectric circuit consisting of testmaterial and platinum pad. The thermoelectric voltage induced in the thermocouple or thermoelectric circuit consisting of test-material and platinum pad is equal to 2 times 2ω voltage measured by lock-in amplifier. It is because 2ω voltage has the dc offset that is half of peak-to-peak amplitude whereas the lock-in amplifier only measures the amplitude of the ac component regardless of input dc offset (see supplementary material).
A. Thermal Conductivity
An equivalent thermal circuit is used to extract the thermal conductivity of the test-material from the measured heating power and the resulting temperature rise of both thermocouple junctions on the neighboring platform tips across which the test-material spans. Fig. 5 shows the equivalent thermal circuit of two platforms connected to each other through test-material. The heat generated in the heater will transfer to the heat sink (bottom of substrate) through two paths. One is direct path to bottom of substrate. Another path is through the test-material. Hence,
where P H , P 1 , and P 2 are the input heating power, the amount of heat transferring through test-material, and the amount of heat transferring directly to the bottom of substrate, respectively. According to the thermal circuit shown in Fig. 5 , temperature rise on heated platform tip ( T H P(H ) ) and the thermocouple junction on the opposite platform tip ( T O P(T C) ) can be expressed 41
where R th_L DM , R th_O P , and R th_H P are the thermal resistance of the test-material (low-dimensional material), the thermal resistance between the thermocouple junction on opposite platform tip and the heat sink, and the thermal resistance from the heater on heated platform tip to the heat sink, respectively. R th_C represents sum of the thermal resistance from the heater on heated platform tip to the test-material and from the test-material to the thermocouple junction on the opposite platform tip (i.e. the effective contact resistance). Using Eqs. (2), (3) and (4), R th_L DM can be expressed as
P H and T O P(T C) are obtained directly from the measurements. However, the measured T O P(T C) needs to be corrected by subtracting the temperature rise produced by parasitic heat transfer ( T O P(T C) para ), such as conduction through substrate, conduction through air, and radiation. In order to obtain the information on T O P(T C) para , we measured the temperature rise of the thermocouple junctions on the heated and opposite platform tips without depositing testmaterial. Because there is no test-material connecting the two platforms, the measured temperature rise of the thermocouple junction on the opposite platform is equivalent to para is mainly caused by heat transfer through substrate. Heat transfer by air conduction and radiation also contribute to it, however these are estimated to be at least 100 times smaller than the measured values at T = 300 K based on calculations using Stefan-Boltzmann law and the thermal conductivity of air at a pressure of 10 −5 Torr.
T O P(T C) para . The ratio of T O P(T C) para to T H P(T C) is plotted as a function of temperature in Fig. 6. This plot allows us to obtain T O P(T C) para from T H P(T C) and correct the measured T O P(T C) when the test-material is anchored between platform tips. T O P(T C)
R th_H P , R th_O P , and R th_C cannot be obtained directly from the measurements. A finite element model (FEM) using COMSOL software was used to obtain R th_H P R th_O P and −(R th_H P + R th_O P + R th_C ) terms in Eq. (5). Thermal conductivity of the various materials constituting testbench used in the FEM analysis is given in supplementary material. The procedure involves building a FEM model mimicking the actual device from the SEM image of the sample including the LDM (Fig. 7(a) ). This is followed by matching the experimentally obtained and corrected T O P(T C) , in the FEM model, for the respective heating powers P H by changing the values of R th_L DM . Finally plot R th_L DM as a function of P H / T O P(T C) (Fig. 7(b) ). According to Eq. (5), the slope and y-intercept of this plot are equal to R th_H P R th_O P and −(R th_H P + R th_O P + R th_C ), respectively.
Although COMSOL FEM can provide R th_H P R th_O P and −(R th_H P + R th_O P + R th_C ) at T = 300 K, these cannot be used at other temperatures due to the lack of data on the temperature dependent thermal conductivity of the various materials constituting the testbench. Hence, we still need to know how R th_H P R th_O P and −(R th_H P + R th_O P + R th_C ) change with temperature for calculating R th_L DM at various temperatures. The temperature dependence of R th_H P , R th_O P , and R th_C was obtained by monitoring the temperature rise of the heated platform tip as a function of ambient temperature on a testbench without LDM. Fig. 8 shows the temperature rise of the thermocouple junction on the heated platform tip divided by heating power, which is the thermal resistance from platform tip to heat sink, as a function of temperature. R th_H P and R th_O P should have the same temperature dependence since they are both identical in materials construction and geometry. Furthermore, considering that the thermal resistance from the platform tip to the heat sink mainly originates from the thermal resistance of the suspended part of the platform, it is also reasonable to assume that R th_C has the same temperature dependence. Therefore, we can obtain R th_H P R th_O P and -(R th_H P + R th_O P + R th_C ) at various temperatures from the measured temperature dependence of thermal resistance from platform tip to heat sink and the values at T = 300 K extracted from COMSOL FEM.
As a result, we can obtain the thermal conductivity of the test-material from the measured heating power and the resulting temperature rise of the thermocouple junctions on the heated and opposite platform tips by using Eq. (5) and COMSOL FEM. At T = 300 K, the parasitic thermal conductance of the workbench between the heated platform and opposite platform was measured to be 9.7×10 −9 W/K. For accurate measurements of the thermal conductivity of the LDM, the LDM thermal conductance has to be greater than this value -which sets the limit of accuracy for thermal conductivity measurements using the testbench described here.
B. Seebeck Coefficient
Seebeck coefficient of test-material can be obtained by
where
T H P(T C) , T O P(T C)
, and V T E are the Seebeck coefficient of the low-dimensional material, the Seebeck coefficient of platinum, the temperature rise of the thermocouple junction on the heated platform tip, the temperature rise of the thermocouple junction on the opposite platform tip, and the induced thermoelectric voltage, respectively. However, if the test-material lands away from thermocouple junction or if the thermal conductance of testmaterial is large, there might be some temperature difference between thermocouple junction and end of test-material. In such a case, according to equivalent thermal circuit shown in Fig. 5 , the temperature difference between two ends of the test-material can be calculated by
where T H P(L DM) and T O P(L DM) are the temperature rise at the ends of the test material positioned on heated and opposite platform tips. In most cases, S Pt is negligibly small compared to S L DM because we are interested in materials that exhibit large Seebeck coefficient. However, in the case that S Pt is comparable to S L DM , it needs to be added to the measured Seebeck coefficient. It is assumed to be the same as reported diffusive Seebeck coefficient of pure platinum, which is −5.6 μV/K at T = 300 K and linearly decreases with decreasing temperature [10] , because phonon-drag effect in evaporated films without being well-annealed is known to be strongly suppressed [11] , [12] .
C. Electrical Conductivity
Electrical conductivity is obtained by measuring resistance between two platinum pads connected to each other through LDM. However, measured resistance includes the resistance of the platinum layer. It ranges from 0.7 to 2 k depending on distance between platform tip and wire-bonding pad. It needs to be subtracted from measured resistance, especially when the resistance of test-material is comparable to it. One way to solve this problem is to calculate the resistance of the platinum plate and leads from resistivity measured using a specially designed calibration structure of designed length and cross-section area. Fig. 9 (a) the measured resistivity of the platinum layer as a function of temperature and can be used correct for the platinum resistance from measured resistance. Another way is to use four-probe measurement. During FIBID or EBID process for anchoring LDM on the platform tip, we can also electrically connect the platform tips with side platform tips using FIBID, as shown in Fig. 9(b) . If the current source is connected to the two platinum pads A and D (Fig. 9(b) ) and the voltage-sensing probes are placed on the two platforms B and C (Fig. 9(b) ) across which the LDM spans, then through this modified four-probe measurement the resistance of platinum layers can be completely excluded and the resistivity of the LDM can be accurately measured.
V. INITIAL BENCHMARKING OF THE MICROFABRICATED TESTBENCH
The testbench was initially characterized using two test nanomaterials for the thermopower and thermal conductivity. For measurement of Seebeck coefficient, gold nanowires with an average diameter of 70 nm and a length of 1-3 μm synthesized by electrodeposition in the pores of "track-etched" polycarbonate membranes were obtained as a suspension in isopropyl alcohol [13] . A small amount of IPA containing gold nanowires, was dropped on a workbench using a micro pipette. Then, a single gold nanowire was clamped on nickel contact pad by electron beam induced deposition (EBID) of platinum. After a gold nanowire was anchored on nickel contact pad, the resistance of a nickel pad-gold nanowire-nickel pad series was measured prior to Seebeck coefficient measurement. A linear current-voltage curve verified the electrical bridge of the nanowire between two nickel contact pads. The Seebeck coefficient measurement was performed at 160 mTorr vacuum in the cryostat. One platform was heated by a 8 Hz sinusoidal voltage from HP 8165A programmable signal source and the generated thermoelectric voltage between the two bridged nickel pads was measured by using SR 830 lock-in amplifier locked at 16 Hz. Figure 10(a) shows the measured Au nanowire Seebeck coefficient as a function of temperature. The room temperature Seebeck coefficient of gold nanowire was measured to be +1.54 μV/K which is in excellent agreement with the reported room temperature Seebeck coefficient of +1.5 μV/K.
The thermal conductivity measurement was benchmarked using micron-sized pillars of nanoporous silicon (npSi). npSi pillars were fabricated by electrochemical dissolution of Si in HF [14] and dropped on to the workbench. A single pillar was positioned between two platforms by using probe station. It was clamped on the nickel contact pads by EBID of platinum. Thermal conductivity measurement was performed at 10 −5 Torr vacuum in a cryostat. One platform was heated by applying DC voltage to the heater and the temperatures of both platforms bridged by npSi pillar were obtained by measuring the thermoelectric voltage of the calibrated testbench thermocouples. The amount of heat dissipated in the heater could be obtained from the applied voltage and measured current. However, only part of that heat goes through npSi pillar. The rest flows to the bottom of the substrate. Figure 10(b) shows the temperatures of heated and neighboring platforms as a function of heater power with and without npSi pillar. FEM model was set up to extract the temperatures and fits well to the measured value for thermal conductivity of npSi pillar of 2.86 W/m-K at T = 290 K. This is about 50-fold smaller than the thermal conductivity of bulk silicon of ∼150 W/m-K. Our measured value is similar to the reported value 2.5 W/m-K for npSi synthesized from p + Si with a porosity of 60% measured using photoacoustic spectroscopy [15] . These initial tests confirmed the suitability of the fabricated testbench for the measurement of Seebeck Coefficient and thermal conductivity of various nanomaterials.
VI. THERMAL AND THERMOELECTRIC PROPERTIES OF GAAS/MNAS CORE/SHELL NANOWIRES
Gallium Arsenide (GaAs)/Manganese Arsenide (MnAs) core/shell nanowire is a suitable material for investigating magneto-thermoelectric effects, such as magneto-Seebeck, magneto-caloric, and spin-Seebeck effects, in thin MnAs layer with Curie temperature near 300 K. In this work, as a preliminary experiment for magneto-thermoelectric measurements, we use the workbench described here for the thermal and thermoelectric properties as a function of temperature. Thermal conductivity, Seebeck coefficient and electrical conductivity of nanowire were measured using testbench.
The nanowires were grown on GaAs (111)B substrates in an EPI 930 molecular beam epitaxy (MBE) chamber, using a catalyst-free technique, as detailed in an earlier report [16] . Figure 11 shows the cross-sectional TEM of the GaAs/MnAs core-shell nanowire. According to TEM analysis, the crosssection of these nanowires is hexagonal in shape and the longest diagonal of GaAs core and the thickness of MnAs shell are estimated to be 200 nm and 15 nm respectively. IPA solution containing nanowires was drop cast on the testbench and FIBID of platinum was used to make mechanical contacts and improve the electrical and thermal contact between nanowire and platinum pad. Thereafter, the sample was placed in a vacuum cryostat with pressure below 5×10 −6 Torr. We measured the heating power, the temperature of heated and opposite platform tips and thermoelectric voltage induced in nanowireplatinum thermoelectric circuit while applying the heating voltage to the heater. The resistance between the two platinum pads was also measured. The measurements were performed at cryostat temperatures ranging from 300 down to 25 K. After the measurement, COMSOL FEM and equivalent thermal circuit modeling were performed to obtain the thermal conductivity from the measured data. Fig. 12(a) shows the temperature dependence of thermal conductivity of the nanowires. In the case of GaAs/MnAs core shell wires, the dominant contribution to the thermal transport in the nanowires comes from GaAs core because of its large cross-sectional area and lattice thermal conductivity. The thermal conductivity of the two nanowires investigated in this work was determined to be 7.5 and 8.4 W/m-K at T = 300 K. This value is similar to the theoretical value which ranges from 5 -20 W/m-K for 200 nm-diameter GaAs nanowire depending upon the surface roughness [17] . Furthermore, the thermal conductivity of the nanowires in our measurements is found to decrease with decreasing temperature whereas theoretical value has been predicted with a maximum value near 100 K. However, it must be noted that around 100 K the rate of decrease of thermal conductivity with temperature shows a small slowdown before the steep decrease beyond 75 K. Although GaAs core of the nanowires is single crystalline, it was found to have stacking faults perpendicular to the growth direction. In some regions, the nanowires were found to undergo a transformation in the crystal structure from zinc blende with a [111] growth direction to a wurtzite structure with a [0001] growth direction [16] . Such structural boundaries are expected to cause enhanced phonon-boundary scattering and therefore will lead to smaller thermal conductivity. Depending upon the defect density and periodicity, it is even possible that the phonon-boundary scattering is more dominant than the umklapp phonon-phonon scattering processes that are known to increase the thermal conductivity with decreasing temperature. Fig. 12(b) shows the Seebeck coefficient of a GaAs/MnAs core/shell nanowire as a function of temperature. Because GaAs core is intrinsic, measured Seebeck coefficient and electrical conductance originate from MnAs shell. In the case of sample #2, Seebeck coefficient and electrical conductivity were not obtained because the electrical contact resistance between nanowire and platinum pad was much larger than the resistance of nanowire itself. According to COMSOL FEM, the temperature difference between the two ends of the nanowire is 15.0 % smaller than that between the two thermocouple junctions at the two pad tips at T = 300 K. This error was corrected by using eq. (7). The absolute Seebeck coefficient of MnAs shell is determined to be −17.2 μV/K at T = 300 K which is ∼22% larger than previously reported Seebeck coefficient of bulk MnAs (−14 μV/K) [18] . The explanation for the increased Seebeck coefficient may lie in quantum size effect. However, considering that Seebeck coefficient of bulk MnAs has been barely reported, it is too early to draw any firm conclusions in this regards. Furthermore, the absolute value of the Seebeck coefficient of the nanowire is found to linearly decrease with decreasing temperature whereas that of bulk MnAs has been found to reach a maximum at T =∼200 K. The non-linear dependence of bulk MnAs Seebeck coefficient is known to originate from magnon-drag contribution [18] . However, in the case of nanowire, the magnon-drag contribution is thought to be suppressed due to increased magnon-surface scattering because the thickness of MnAs shell is only 15 nm. And the total Seebeck coefficient exhibits linear dependence on temperature because the magnon-drag contribution is much smaller than diffusion contribution. Fig. 13(a) shows the experimentally measured temperature dependence of electrical conductivity of MnAs shell. The electrical conductivity of sample #1 was found to exhibit a smaller slope than the data from previous measurements using four-probe measurements on nanowire [19] . This is thought to be due to contact resistance between the nanowire and the platinum pad. However, it is reasonable to assume that thermal contact is not as badly affected as the electrical contact because, although the electrical contact resistance of sample #2 is large, measured thermal conductivity of sample #1 and sample #2 are similar to each other. Furthermore, it may be concluded that the temperature difference at the junction between nanowire and platinum pad is negligibly small and electrical contact resistance would not affect the measured Seebeck coefficient. Fig. 13(b) shows the temperature dependence of ZT of GaAs/MnAs core shell nanowire as a function of temperature. The electrical conductivity was recalculated because we need electrical conductivity of core/shell nanowire instead of shell only. The plot also shows the ZT that was calculated using thermal conductivity and Seebeck coefficient of sample #1 and the electrical conductivity from four-probe measurement [19] which could be a more accurate quantification of the ZT of the nanowire. The ZT decreases with decreasing temperature and the error between using the two electrical conductivities does not show a dramatic difference as would be expected from the large divergence of the electrical conductivity between the four probe and two probe measurements. This is mainly because the Seebeck coefficient approaches to zero at low temperatures and thus the power factor is dominated by the Seebeck coefficient rather than the electrical conductivity.
VII. CONCLUSION
We have developed a microfabricated testbench for investigating thermal and thermoelectric properties of low dimensional materials. The unique high density of test structures placed in the middle of the microfabricated testbench chip allows for high probability of obtaining an LDM that is placed appropriately for making rapid measurements and without cumbersome sample manipulation on the workbench. The paper presents the detailed calibration procedure required to obtain accurate thermal conductivity and Seebeck coefficients of low dimensional materials. As an effective demonstration of the testbench, we have successfully obtained electrical conductivity, thermal conductivity, Seebeck coefficient, and ZT of GaAs/MnAs core/shell nanowire as a function of temperature. The thermal conductivity of the nanowire was measured to be lower than the theoretical value of GaAs nanowire because of increased phonon-boundary scattering caused by stacking faults.
